In recent decades, with the improvement of radiotherapy (RT) technology and comprehensive treatment, the survival rate of head and neck malignancies has gained remarkable progress. Vascular injury and subsequent carotid stenosis following RT, as the backbone of treatment, have received increasing attention. Many investigations have demonstrated that radiation can result in the increase in carotid intima-media thickness, carotid stenosis and consequently lead to a higher risk of cerebrovascular events such as transient ischemic attack and stroke. In this review, we will examine the incidence of radiation-induced carotid artery stenosis, its morphological and histological characteristics, as well as its pathogenesis. The treatment and prevention methods, including follow-up strategies, will also be discussed at the end of the present review.
Introduction
In recent decades, with the improvement of radiotherapy (RT) technology and comprehensive treatment, the survival rate of head and neck cancer patients has gained remarkable progress. RT is the mainstay of the comprehensive treatments for malignancies of the head and neck, including breast cancer and lymphoma. In the past, research focused on the microvascular and arterial injury after radiation exposure. However, it is increasingly recognized that large vascular injury is a major sequela of head and neck radiation and is of greater
Incidence and Prevalence of RT-Induced Carotid Stenosis
In the past, the prevalence of carotid stenosis after RT was thought to be low. However, with the improvement of imaging techniques and the increase in the clinicians' awareness, increasing attention has been paid to this area. Lam et al. [2] found that arterial stenosis was more common in the postradiation group than the preradiation group, which consisted of newly diagnosed nasopharyngeal carcinoma patients (56/71 vs. 11/51). The overall prevalence of extracranial artery disease was 56 of 71 (78.9%), and significant stenosis (>50%) was only found in the postradiation group.
In order to determine the prevalence and risk factors for carotid stenosis after RT, Cheng et al. [3] established a prospective cross-sectional screening of extracranial carotid stenosis by color flow duplex ultrasonography. They found that 27 post-RT patients (27/96, 28%) had internal carotid artery (ICA) stenosis of 30% or more on either side of the neck, and the stenosis was critical ( ≥ 70%) in 12 patients (12/96, 13%). Nevertheless, there were only 8 patients (8/96, 8%) with moderate ICA stenosis (30-69%) and none with common carotid artery (CCA) or ICA stenosis of ≥ 70% or occlusion. Similarly, Huang et al. [4] showed that the intima-media thickness (IMT) of the CCA was significantly increased in nasopharyngeal carcinoma patients after RT compared to the control group. They also found that the IMT, a good indicator of the severity of atherosclerotic disease, increased in a linear manner with duration of RT. The results of another investigation [5] demonstrated an increased risk of stroke in patients aged <60 years irradiated for head and neck tumors. This finding was supported by Smith et al. [6] who identified 6,862 patients (mean age: 76 ± 7 years) after treatment with RT alone, surgery plus RT or surgery alone. It was shown that the 10-year incidence of cerebrovascular events was 34% in patients treated with radiation alone compared to 25% in the surgery plus RT group, and 26% in the third group (p < 0.01).
From previous results, we can conclude that patients with malignant head and neck tumors after RT harbor a higher risk of carotid stenosis and cerebrovascular events, which consist of transient ischemic attack (TIA) and stroke. This finding indicates that radiation oncologists and neurologists should pay more attention to this aspect.
The differences in the incidence data among these aforementioned findings may result from demographic characteristics, the median follow-up time (interval between RT with ultrasound examination) or some other potential factors. Greater sample sizes and a longer follow-up period are required to determine the precise incidence of radiation-induced carotid stenosis.
Pathogenesis
The wall of the carotid artery consists of three layers: the intima, the media and the adventitia. The intima lies in the innermost layer and is formed of endothelial cells and internal elastic lamina. The middle layer, the media, is composed of smooth muscle cells (SMCs). The outermost layer, the adventitia, contains connective tissue, fibroblasts and SMCs.
Endothelium Dysfunction
The exact pathogenesis of radiation-induced carotid artery disease is still unclear. The primary mechanism may be a dysfunction of the endothelial cells, which are highly sensitive to the radiation exposure [7] .
The damaged endothelial cells do not function as a barrier against plasma lipoproteins; subsequently, the lipid filtration causes the activation of the lysosomal system and the proliferation of the endothelial cells [8] .
Sugihara et al. [9] found that in carotid arteries undergoing radiation, endotheliumdependent relaxation mediated by nitric oxide and prostacyclin was specifically impaired. Nevertheless, a significant morphological damage of the endothelium was not observed. One possible explanation for this phenomenon is that the decline of the endothelium function appears earlier than the morphological changes. The impaired nitric oxide-dependent relaxation was attributed to the lack of endothelial nitric oxide synthase expression, which indicated the drop of the endothelial cells' function [9] .
The extensive endothelial damage was the initial process with nuclear disruption, platelet aggregation and fibrin deposition [10] followed by the destruction of the internal elastic lamina and marked thickening of the endothelium. The large arteries will become stiffer and less elastic with the extensive fibrosis of the vessel wall, and consequently, diastolic dysfunction will descend. The intimal proliferation of mainly fibrous tissue and marked thickening of the endothelium leads to luminal narrowing [11] .
Another proposed mechanism of inflammatory vascular damage after radiation in humans is via the activation of nuclear factor-kappa B [12] . Oxidative stress and inflammation may also be involved in the development of radiation-induced carotid stenosis, a late complication of RT [13] .
Exposure to ionizing radiation leads to the increase in reactive oxygen species and free radicals. Subsequently, DNA damage and lipid and protein oxidation occur when these free radical insults are beyond the cellular repair and scavenger systems.
Inflammatory changes appear early during RT and may be reflected in the elevated inflammatory biomarkers. The appearance of inflammatory biomarkers in the early stage may be useful in evaluating the progress of carotid stenosis after RT, but this requires further prospective investigations [14] .
Injury and Occlusion of the Vasa Vasorum
The vasa vasorum is a kind of microvasculature network that is especially vulnerable to radiation damage [7] . Occlusion of the vasa vasorum also plays an important role in the progression of the ischemic necrosis, resulting in fibrosis of the adventitia, destruction of the internal elastic lamina and remarkable thickening of the endothelium. It is possible that the IMT is a combined result of both fibrin accumulation in the medial and intimal layers and their gradual replacement with collagen [15] .
Accelerated Atherosclerosis
The last mechanism of radiation-induced carotid stenosis is accelerated atherosclerosis. Cheng et al. [3] showed that age was a significant risk factor for severe post-RT carotid stenosis. Moreover, they suggested that a mechanism of accelerated atherosclerosis may augment the initial injury. The increase in carotid IMT (CIMT) seen in irradiated carotid arteries also suggested the potential mechanism, indicating that radiation may accelerate the progression of atherosclerosis [16] .
Dorresteijn et al. [11] found that RT was an independent risk factor for vascular disease, like other more common factors, particularly in those patients with a post-RT interval >10 years.
However, we tend to consider that radiation-induced carotid stenosis results from the combined effects of radiation injury and the traditional risk factors, such as hypertension,
Risk Factors
In order to identify the risk factors for carotid stenosis undergoing RT, a number of investigations were carried out. The interval between RT and onset of the cerebrovascular symptoms is accepted to be a considerable risk factor. Dorresteijn et al. [11] examined the difference in CIMT among 42 unilaterally irradiated parotid tumor patients by performing B-mode ultrasonography. It was demonstrated that RT is an independent risk factor for vascular disease, particularly after a post-RT interval >10 years. The same group also found that hypertension and diabetes mellitus played an important role in increasing the risk of stroke after RT [5] .
It was also revealed that patients who had neck irradiation >5 years prior have an eight times higher risk of developing carotid stenosis compared to those with a post-RT time interval <60 months (p < 0.001) [17] . Lam et al. [2] found that age and irradiation were important factors in the development of carotid stenosis. Chang et al. [18] showed a positive correlation between the total plaque score, which is an index of atherosclerosis, RT use, RT dose, length of time after RT, hyperlipidemia, and age. The study of Cheng et al. [3] revealed that severe post-RT carotid stenosis was associated with age, smoking, heart disease, no prior oncological surgery, cerebrovascular symptoms and interval from RT. The risk of radiation-induced carotid stenosis seems to depend on the site of primary malignancy and the radiation doses.
Cheng et al. [17] also discovered that patients with nasopharyngeal carcinoma, laryngocarcinoma and hypopharyngeal carcinoma had a six times higher risk of developing carotid stenosis than those suffering from other tumors. A possible explanation for the higher risk may be the differences in radiation doses, which were confirmed by Chang et al. [18] . In conclusion, RT in addition to other traditional risk factors has a combined effect on the progression of postradiation atherosclerosis.
Follow-Up and Prevention Strategies
The high prevalence of carotid stenosis after RT for head and neck tumors is of great clinical significance. All patients with prior cervical RT, with or without traditional risk factors, should be observed. Nevertheless, there is no consensus on the frequency of screening and the time of follow-up start.
Halak et al. [19] recommended that follow-up should include yearly duplex scanning, beginning 3 years after completion of RT. Nevertheless, Cheng et al. [3] recommended routine screening in patients who have received RT to the neck for >5 year because those patients had a 15 times higher chance of developing carotid stenosis. A series of investigations are needed to determine the accurate onset time of the screening.
Examination of a wider range of the carotid artery, including the distal edge of the ICA, in patients after RT is recommended [20] . Patients with traditional risk factors, such as hypertension, smoking, and hyperlipidemia, may harbor a higher risk of cerebrovascular events; therefore, aggressive risk factor modifications should be applied in an attempt to delay the progression of carotid stenosis after RT.
Follow-up strategies should include questionnaires about symptoms of cerebral ischemia, noninvasive imaging screening and routine bruit auscultation [21] .
Consequently, ultrasound examination of patients at high risk of carotid stenosis and cerebrovascular events is essential for the early detection and possible interventions of late radiation-induced complications [2] . Steele et al. [1] recommended that patients should receive aggressive screening before and after RT; this may be useful to identify the high-risk population. Patients should be informed of the higher risk to develop carotid stenosis and cerebrovascular events after RT. They should also be invited to adopt a stricter compliance with the measures to eliminate the controllable risk factors. Once the patients present cerebrovascular ischemic symptoms, such as TIA, syncope, amaurosis fugax or stroke, the physicians should be aware of the relationship between carotid stenosis and the emerging symptoms, find out the underlying reasons and take further interventions.
However, it is of great significance to maintain the balance between the risk of developing carotid stenosis and the benefits of RT for the treatment of head and neck malignancies [22, 23] . RT should be carried out in order to enhance treatment effectiveness and protect the adjacent normal tissues. Newer and advanced RT techniques, such as more conformal RT, image-guided RT [24] , hyperfractionated radiation [25] , stereotactic RT, brachytherapy or radioprotective agents, could potentially decrease cerebrovascular morbidity and mortality.
Characteristics of Radiation-Induced Carotid Artery Stenosis
Clinically, RT patients are relatively younger and have a lower incidence of other atherosclerosis risk factors compared to non-RT patients. Therefore, some scholars regard the lesions in previously irradiated patients as a clinically distinct entity compared to traditional atherosclerotic stenosis [16, 26] .
Stenotic lesions after RT tend to be longer, and the maximal stenosis of radiation-induced lesions is inclined to distribute at the end of the stenotic area, including in the proximal CCA [20] . However, in the control group, the maximal stenotic sites were observed almost around the center of the stenotic lesion. Similar findings were shown in the investigation of Lam et al. [2] , in which they observed that CCA or ICA were most commonly involved (55 of 71 vs. 11 of 51; p < 0.01), followed by the external carotid artery (32 of 71 vs. 1 of 51; p < 0.01) and vertebral artery (5 of 71 vs. 0; p = 0.069). However, the most common sites of traditional atherosclerotic carotid stenosis are carotid bifurcation [27] and the proximal segment of ICA.
Concerning the sonographic features, some differences were identified [27] . Plaques exposed to radiation are more diffuse in appearance, less shadowing, and more hypoechoic. Currently, anechoic or hypoechoic plaques are believed to be related to intraplaque hemorrhage or lipid deposits within the plaque and are associated with an increased risk of stroke. Furthermore, vessel damage after RT extends beyond the margins of the radiation field, often to the proximal common carotid and distal ICA [28] which are relatively more difficult to be detected by the traditional ultrasound techniques.
Fokkema et al. [29] found that plaques after RT had less infiltration of macrophages and smaller lipid core which suggested that RT plaques were more stable and less active compared to nonradiated atherosclerotic lesions. These findings are consistent with the fact that radiated arteries are more prone to develop restenosis than those without radiation [30] .
Clinical Manifestations
Several studies have demonstrated that RT can induce and accelerate the increase in the IMT of the narrow carotid arteries. The increase in the IMT and narrowing of the vascular lumen of carotid arteries will decrease the blood flow to the corresponding cerebrovascular areas and result in the relevant symptoms, which are always subtle and therefore undetected in most patients [22] .
The interval from irradiation to symptomatic vascular diseases ranges from several months to two decades, and it seems to be closely related to the diameter of the irradiated arteries [7] . The typical manifestations of extracranial carotid stenosis include amaurosis fugax, paresis, sensory disturbances, aphasia, and dysarthria. On the other hand, dizziness, diplopia, amnesia, and headache are relatively atypical [31] . The carotid bruit may be heard during the physical examination.
Cognitive decline, caused by the injury of the temporal lobe, is also a significant but largely unrecognized sequela following irradiation for head and neck tumors, particularly cancer of the nasopharynx and paranasal sinuses [32] .
The patients should be educated to recognize the relevant symptoms and report the emerging symptoms to the physicians. In addition, the physicians ought to be aware of the relationship between the new onset manifestations and the carotid stenosis after RT.
Diagnosis

Carotid Ultrasound Techniques
The diagnosis of carotid stenosis still relies principally on the imaging approaches. CIMT, which can be measured relatively easily and noninvasively by Doppler ultrasonography, is a good indicator of atherosclerotic disease and a significant predictor of future vascular events [33] . The increase in the CIMT is also one of the earliest visible features that can be observed in the first 2 years after RT [34] .
For an absolute CIMT difference of 0.1 mm, the stroke risk increases by 13-18% [35] . In addition, the IMT increased linearly with duration of RT [4] . Furthermore, elderly patients with increased CIMT and without a history of cardiovascular disease are directly associated with a remarkably higher risk of myocardial infarction and stroke [33] . Emerging new techniques, such as ultrasonographic 2D-strain imaging [36] , to measure arterial stiffness and contrast ultrasound imaging [37] may be more effective in the detection of early atherosclerotic vascular changes.
Neck Auscultation
Auscultation for carotid bruits remains worthwhile in the general population because the presence of a bruit means that there is a one-in-four chance of having significant carotid stenosis [38] .
However, because of its low sensitivity and positive predictive value, carotid artery ultrasound is needed when a carotid bruit is heard during the physical examination [38] .
The presence of a carotid bruit has significant prognostic implications. Patients with a carotid bruit have a >4 times higher risk of TIA, twice the risk of stroke, and an increased risk of death from stroke when compared to controls without carotid bruits [39] .
Computed Tomography Angiography, Magnetic Resonance Imaging and Digital Subtraction Angiography
Conventional digital subtraction angiography remains the golden standard for the diagnosis of carotid arterial stenosis. Magnetic resonance imaging and computed tomography angiography are also widely utilized in the diagnosis of carotid stenosis.
Yet, in our view, Doppler duplex ultrasound and auscultation should be applied as the routine diagnostic methods during screening and follow-up. Those patients with suspicious significant stenosis can be substantiated by magnetic resonance imaging, computed tomography angiography or even by digital subtraction angiography.
Treatment
Symptomatic patients or those with severe carotid stenosis may require carotid endarterectomy (CEA) or carotid angioplasty and stenting (CAS) [40] .
Both CAS and CEA are the two major alternative treatment methods with a low risk of cerebrovascular events. Patients undergoing CEA had more temporary cranial nerve injury (CNI), and CAS patients had a higher rate of late cerebrovascular events and restenosis, even though they mostly remained asymptomatic.
Carotid Endarterectomy
Even though the standard treatment for extracranial artery stenosis is CEA, higher rates of CNI and wound complications including infection limit CEA applications in patients with prior radiation.
The adhesion of different layers of the vessel wall [41] , as well as the extensive stenosis and more diffuse plaques [20] , resulting from the prior irradiation, add to the difficulty of eliminating the plaques [42] . The complications of endarterectomy also augment because of the incidence of adhesions or scar tissue after a preceding radical neck dissection.
Tallarita et al. [43] showed that open surgery patients with prior radical neck dissections had more wound complications (14 vs. 5%) and more CNIs (28 vs. 9%) compared to those without prior neck dissections. Previous tracheotomy due to initial malignancy also increases the chances of infection. Therefore, endarterectomy may not be the best choice of treatment for these particular patients.
Carotid Angioplasty and Stenting CAS should be considered as an alternative to CEA for those patients with high surgical risk [31] . No CNI or wound complications in patients with a history of RT are the main advantages of CAS [44] . Over the past few decades, CAS has been increasingly used and is gaining more and more popularity after RT.
The extensive disease presents a potentially larger surface area for embolization, which leads to a higher risk of cerebrovascular events. Long-segment angioplasty and placement of longer or additional stents predisposes to intimal hyperplasia and promotes a higher recurrence rate [42] .
The underlying mechanism leading to in-stent restenosis is explained by myointimal hyperplasia with SMC proliferation [30] . However, most in-stent restenosis remained asymptomatic.
In a recent investigation, Huang et al. [45] have found that the primary outcomes, comprising all-cause mortality, any ipsilateral recurrent TIA or stroke, and major adverse cerebrovascular events, did not show a significant difference between the two groups during the 5 years of follow-up. However, more asymptomatic carotid restenosis was found in the RT group.
In spite of the high risk of restenosis, cutting balloon angioplasty has emerged as an excellent treatment strategy for in-stent stenosis [44] . The higher risk of stroke caused by embolization may be preferably resolved by the use of the cerebral protection devices.
With the further development of new stent devices, delivery techniques, and cerebral protection devices, the use of CAS for the treatment of radiation-induced carotid stenosis will become safer and more durable [46] .
Medication
The effect of antiplatelet agents, anticoagulant, antihypertension or lipid-lowering therapy is still unclear. Antiplatelet agents and statins may be effective for preventing the
